Abstract. Safety, security, and comfort of pedestrian crowds during large gatherings are heavily influenced by the layout of the underlying environment. This work presents a systematic agent-based simulation approach to appraise and optimize the layout of a pedestrian environment in order to maximize safety, security, and comfort. The performance of the approach is demonstrated based on annual "Salone del mobile" (Design Week) exhibition in Milan, Italy. Given the large size of the scenario, and the proportionally high number of simultaneously present pedestrians, the computational costs of a pure microscopic simulation approach would make this hardly applicable, whereas a multi-scale approach, combining simulation models of different granularity, provides a reasonable trade off between a detailed management of individual pedestrians and possibility to effectively carry out what-if analyses with different environmental configurations. The paper will introduce the scenario, the base model and the alternatives discussing the achieved results.
Introduction
The management of pedestrian crowds is a crucial task when organizing large gatherings such as festivals, sports events, or religious celebrations. Three main reasons for an active crowd management are: safety, security, and comfort.
-From safety point of view, situations that would lead to high pedestrian densities should be avoided, in particular for bidirectional pedestrian flows or for crossing pedestrian streams. -Security considerations deal with unforeseen threats to the visitors that require, e.g. fast evacuations of large venues. -Related to safety and security is the comfort of the visitors. Comfort considerations include the avoidance of long waiting times (e.g. at ticket counters) and the reduction of high density situations.
Obviously, these three key concepts are closely related and should be seen as mutually dependent. The present work proposes an integrated simulation based appraisal and optimization approach to improve safety, security, and comfort of the visitors of large events. The current contribution demonstrates the approach based on an 'offline' scenario of the annually "Salone del mobile" exhibition in Milan, Italy. The overall event gathers more than 200000 visitors 3 every year. The location is the main exhibition area of Milan, but its importance and number of visitors led to the creation of a spin-off called "Fuori Salone" that organizes many related events in the city center during the fair week. The case study that will be analyzed in this paper describes the scenario of an important event belonging to the Fuori Salone, named "Tortona Design Week". It is located in the surrounding area of the Porta Genova train and metro station of Milan. The estimated number of visitors is also quite significant, around 115,000 for the 6 days of the event 4 .
Related works
In the simulation context (pedestrian) travel behavior is usually modeled at three different levels [22, 31] . Plans and final objectives are formulated at the strategic level. At the tactical level a set of activities to complete the plan is created. The physical execution of the activities is performed at the operational level. Approaches to simulate the operational level can be divided into three classes.
-Macroscopic models treat the crowds as a flow of densities where individual pedestrians are not represented but rather considered as gas or liquids (see, e.g., [21, 18] ). For macroscopic models the computational burden increases rather with the size of the simulated area than with the number of simulated pedestrians. Thus, macroscopic models can be efficient for the simulation of large crowds in small spaces. However, since individual pedestrians are not represented by those models, scenarios with complex origin-destinationrelations seem to be hard to model. -In contrast, microscopic models are constructed from the individual's point of view, where each and every traveler follows his/her own plan. Some microscopic models treat space as a continuous entity (e.g. force based models [20, 10] ), others take a discretized view on environment (e.g. cellular automata (CA) [3, 7] ). Most microscopic models are built as a continuous simulations with a fixed time step size. Recently, a model with adaptive time step size has been proposed in order to speed up computation [35] . Another way to speed up the computation is to apply the concept of discrete event simulation [27] . -A third class of simulation models is often referred to as mesoscopic models.
One example is the queue simulation model [28] : in this approach, pedestrians are still treated individually, but the environment is represented as a graph of interconnected FIFO queues. This implies a simplification of the environmental representation and a reduction of the computational costs for the management of the simulation process. The representation of the physical movement at the operational level is simplified and the approach is less effective at representing turbulences due to conflicts, for instance when the situation comprises crossing streams [30] .
Hybrid coupling (or multi-scale modeling in general) has been applied to different scientific fields and it combines the advantages of models with different granularity in spatial representation, striving to achieve good overall computational properties with the possibility to zoom in spots requiring more details in the model. This is valid both for extremely small areas, like biological systems [13] , that include a very high number of interacting entities in potentially small space, as well as for urban and territorial scale socio-economic systems [36] .
In the transportation field, early approaches deal with the vehicular traffic only. Hybrid couplings of macroscopic and microscopic models are proposed by [19, 4, 15] . Examples for the hybrid couplings of mesoscopic and microscopic models are [5, 6] . Approaches from pedestrian domain include [9, 1] . A basic requirement for hybrid modeling, is a consistent transfer of travelers (e.g. pedestrians or vehicles) between the involved simulation models. In the pedestrian domain, this requires that fundamental properties like flow and speed are conserved over the models' boundaries. A respective approach is discussed in [30] . Recently, this approach has been demonstrated in a case study on an inter-and multi-model evacuation [25] .
The strategic and tactical level of behavior deals with the navigation in complex environments and a key feature is the ability to find feasible paths from any origin to any destination. An apparent solution to this problem is the shortest paths solution. It can be computed e.g. by Dijkstra's shortest path algorithm [14] . However, since the shortest path solution neglects congestion, often longer but faster paths exists: although humans are not necessarily always able to find optimal solutions, the shortest path approach sometimes fails at representing the ability of some pedestrians to select a longer trajectory for preserving a higher walking speed. Those faster but longer paths can be found by an iterative best response dynamics [8] . In the pedestrian context a corresponding macroscopic modeling approach is proposed in [22] . A mesoscopic modeling approach is presented in [29] . In the microscopic context, applications of best response dynamics started only recently. An application to tactical level of behavior is discussed in [24] . A systematic approach where all three levels of behavior are explicitly modeled and paths finding is solved by an iterative approach is proposed in [11] .
Pedestrian simulation models are often applied in the evacuation context. Newer works also deal with the appraisal of pedestrian environments regarding their performance under normal conditions, in order to optimize crowd management strategies (e.g. [12] ).
A Multi-Scale Model for the Simulation of Urban Scenarios
The development of a multi-scale model has been proposed for two main purposes. On one hand, the simulation system should provide a very detailed representation of parts of the scenario in which more complex behaviors can take place. On the other hand, a mesoscopic approach can be used to design and simulate large parts of the urban environment that are not affected by such complex dynamics but are still fundamental for the analysis of the overall scene. Hence the system described here is composed of two models with two different scales of detail: (i) a 2d microscopic model based on a discrete representation for a detailed yet optimized reproduction of pedestrian environments; (ii) a queue model that is used for the simulation of other relevant city roads. Such integration between these models leads to a quite powerful approach capable of performing analysis in urban scenarios, considering multiple modes of transportation and performing simulations in a relatively fast way.
Considering computational costs is quite relevant since the multi-scale system applies an iterative approach to manage the agents' strategic model. The iterative approach moves the overall behavior either towards a Nash equilibrium or to the system optimum depending on the applied cost function. In this way it is possible both to predict what will happen in the scenario on a normal day (with the NE) and to have information about the minimum average travel time of the whole crowd (with the SO). One might argue that implementing the optimal flows configuration is still an issue, since it implies that some people take a detour without perceiving relevant congestion on the shorter way. The desired behavior could be induced by the usage of adaptive bottlenecks (e.g. automatic bollards) that make, depending on the current situation, detours more attractive to some of the people. The development of such a concept represents the overall idea behind this work and it will be subject of future research.
The components of the multi-scale model and their integration will be now briefly presented. For a in depth discussion of the CA-model, it is referred to [11] .
The Discrete Microscopic Model
The model is a 2-dimensional Cellular Automaton with a square-cells grid representation of the space. The 0.4 × 0.4 m 2 size of the cells describes the average space occupation of a person [37] and reproduces a maximum pedestrian density of 6.25 persons/m 2 , that covers the values usually observable in the real world. A cell of the environment can be basically of type walkable or of type obstacle, meaning that it will never be occupied by any pedestrians during the simulation.
Intermediate targets can also be introduced in the environment to mark the extremes of a particular region (e.g. rooms or corridors), and so decision points for the route choice of agents. Final goals of the discrete environment are its open edges, i.e., the entrances/exits of the discrete space that will be linked to roads. Since the concept of region is fuzzy and the space decomposition is a subjective task that can be tackled with different approaches, the configuration of their position in the scenario is not automatic and it is left to the user.
Employing the floor field approach [7] and spreading one field from each target -either intermediate of final-allows to build a network of the environment. In this graph, each node denotes one target and the edges identify the existence of a direct way between two targets (i.e. passing through only one region). To allow this, the floor field diffusion is limited by obstacles and cells of other targets. An example for an environment with the overlayed network is shown in Fig.1 . The open borders of the microscopic environment are the nodes that will be plugged to the other network of the mesoscopic model.
To integrate the network with the one of the mesoscopic model and to allow the reasoning at the strategic level, each edge a of the graph is firstly labeled with its length l a , describing the distance between two targets δ i , δ j in the discrete space. This value is computed using the floor fields as:
where F F δ (x, y) gives the value of the floor field associated to a destination δ in position (x, y); Center(δ) describes the coordinates of the central cell of δ and Avg computes the average between the two values and provides a unique distance. Together with the average speed of pedestrians in the discrete space (explained below), l a is used to calculate the free speed travel time of the link T f ree a = la sa . With a simple probabilistic choice, similar to the one proposed in [7] , the pedestrian movement towards one target is reproduced with the floor fields values. This allows to avoid obstacles and other pedestrians in a very simple way, but it is not enough to generate a plausible dynamics, i.e., by respecting the fundamental relation about local density and flow.
For the achievement of a realistic microscopic model, the idea of [16] has been extended to 2-dimensional models. The model works on the basis of 3 simple rules that allow the calibration to fit the fundamental diagram of 1-directional and 2-directional flow. The movement rules are summarized in the following:
-Movement rule: a pedestrian cannot change his/her position before τ m seconds, -Jam rule: if a cell is occupied at time t by the pedestrian p, every pedestrian p = p cannot occupy that cell before time t + τ j , -Counter-flow rule: if two pedestrian in two consecutive cells at time t are in a head-on conflict, then they will swap their position at time t + τ m + τ s .
The first rule describes the minimum time that a pedestrian can employ to move forward of one cell, thus τ m is the duration of the time-step. The second rule manages the dynamics in presence of jamming, implying additional time to move in case of congestion. In particular, this rule has been implemented by letting the agents produce a trace in their previous position, which will keep the cell occupied for τ j seconds. This mechanism is able to translate back the effects of congestion as observed, generating the so-called density waves.
The third rule defines an agents position exchange mechanism, but the way that agents recognize others belonging to counter-flows needs clarification. The agents of this model, in addition to the floor field related to their current target, are able to perceive the fields of the persons they have in their neighborhood. With this information, they will be able to understand if the surrounding agents are -probably-moving in counter-direction. Hence they will be able to choose the movement in the occupied position by the counter-flow pedestrian and, if this will perform the same choice, start the position exchange at the end of the step. This action will need τ m +τ s seconds. In [11] it is shown how, by varying the value of τ m and τ s with the local density, it is possible to fully calibrate this model to fit the fundamental diagrams of pedestrian 1-directional and 2-directional flow.
Summarizing, with these rules the model is able to produce feasible simulations of pedestrian motion in planar environments. Nonetheless, the simulation of a complex environment might need consideration of particular elements, such as stairs, which implies at least a lower speed of the agents. To overcome this issue, the environment definition has been enriched by introducing the possibility to mark the borders of stairs, which will affect the agents speed by multiplying their τ m times 2, i.e., they will move one time-step over two. With the assumed τ m = 0.25 s, pedestrians will have a free flow speed of 1.3 m/s in flat spaces and of 0.65 m/s inside stairs, in accordance with the average speed observed in the real world. At the network level, the links describing the area of a staircase are labeled with a higher free speed travel time.
More advanced approaches to manage arbitrary speeds have already been proposed in the literature, using stochastic methods that do not imply a complete synchronization of the agents (e.g. [2] ). For the model and the application here proposed, though, this simple and efficient approach is considered effective and further developments on this aspect might be subject of future directions.
Finally, in order to respect the dynamics among the mesoscopic and microscopic models, the connection at the borders of the pedestrian environment are managed with so-called transition areas, that temporary host the agents before entering the "real" environment. When the agents pass from the mesoscopic model to the discrete environment, thus, they temporary have a double presence in both model and this allows to extend the influence of eventual congestion from one model to the other one.
The mesoscopic model
The overall system is implemented within the MATSim framework 5 . The standard simulation approach in MATSim is based on a queueing model based on [34] . Originally, the model was designed for the simulation of vehicular traffic only, but later it has been adapted for the additional consideration of pedestrians [29] . The network is modeled as a graph whose links describe urban streets and the nodes describe their intersections. In the pedestrian context "streets" also include side walks, ramps, etc. Links behave like FIFO queues controlled by the following parameters:
-the length of the link l; -the area of the link A; -the free flow speedv; -the free speed travel time t min , given by l/v; -the flow capacity F C; -the storage capacity SC.
The dynamics, thus, follows the rules defined with these parameters. An agent is able to enter to a link l until the number of agents inside l is below its storage capacity. Once the agent is inside, it travels at speedv and it cannot leave the link before t min . The congestion is managed with the flow capacity parameter F C, which is used to lock the agents inside the link to not exceed it.
Strategic model
At the strategic level agents plan their paths through the environment. Normally, the aim of the strategic planning is to emulate the real-world pedestrians' behavior. A fair assumption is that pedestrians try to minimize the walking distance when planning their paths. In the simulation context the shortest path solution is straightforward to compute e.g. by Dijkstra's shortest path algorithm [14] . However, it is well known that the shortest path solution neglects congestion and thus the shortest path solution is not necessarily the fastest one. In particular commuters who repeatedly walk between two locations (e.g. from a particular track in a large train station to a bus stop outside the train station) often try to iteratively find faster paths. If all commuters display that same behavior they might reach a state where it is no longer possible to find any faster path. If this is the case, then the system has reached a state of a Nash [32] or user equilibrium w.r.t. individual travel times. This behavior can be emulated by applying an iterative best-response dynamic [8] and has been widely applied in the context of vehicular transport simulations (see, e.g, [17, 33, 23] ). In the pedestrian context this concept is still new albeit some preliminary works exist as discussed in Section 2. Related to the Nash equilibrium is the system optimum. But unlike the Nash equilibrium, the system optimum does not minimize individual travel times but the system (or average) travel time. Like the Nash equilibrium, the system optimum can also be achieved by an iterative best response dynamic, but based on the marginal travel time instead of the individual travel time. The marginal travel time of an individual traveler corresponds to the sum of the travel time experienced by her/him (internal costs) and the delay that he/she impose to others (external costs). While it is straightforward to determine the internal costs (i.e. travel time), the external costs calculation is not so obvious. An approach for the marginal travel time estimation and its application to a mesoscopic evacuation simulation is discussed in [26] . Based on this, [11] propose an adaption of the approach to microscopic simulation models. In the present work, the external costs are estimated in the same way as proposed in [11] . The following gives a brief description of the appoach. As discussed both the mesoscopic and the microscopic model are mapped on the same global network of links and nodes. A link can either be in a congested or in an uncongested state. Initially, all links are considered as uncongested. A link switches from the uncongested state to the congested state once the observed travel time along the link is longer than the free speed travel time. Vice versa, a link in the congested state switches to the uncongested state as soon as the first pedestrian is able to walk along the link in free speed travel time. Every pedestrian that leaves a given link while it is in the congested state imposes external costs to the others. The amount of the external costs corresponds to the time span from the time when the pedestrian under consideration leaves the congested link till the time when the link switches to the uncongested state again.
In this work, the iterative search of equilibrium/optimum follows the logic of the iterative best response dynamic and it is described by the following tasks:
1. Compute plans for all agents 2. Execute the multi-scale simulation 3. Evaluate executed plans of the agents 4. Select a portion of the agents population and re-compute their plans 5. Jump to step 2, if the stop criterion has not been reached
The stoping criterion is implemented as a predetermined number of iterations defined by the user. This is because the number of iterations needed for the system to reach a relaxed state depends on the complexity of the scenario and is not known a-priori. In the underlying context, one hundred iterations gives a good compromise between relaxation and runtime.
Initial plan computation is performed with a shortest path algorithm. In the subsequent iterations the agents try to find better plans based on the experienced travel costs. Depending on the cost function, the agents learn more convenient paths either for them individually (relaxation towards a Nash equilibrium) or for the overall population (relaxation towards the system optimum).
Analysis of an Urban Scenario

The Scenario of the Tortona Design Week
The Tortona Design Week is a yearly exhibition that is organized in the surrounding area of the Porta Genova train station in Milan. The estimated number of visitors for the 6 days of the event is about 115,000 persons, mostly distributed with peaks on Friday and Saturday nights. Figure 2 (a) illustrates the real world scenario with the location of the event and the directions of flows. The larger part of the incoming flow of pedestrians arrives from the station square, where also the entrance/exit of a subway station is located. The main issue of this scenario is given by the connection between the square and the event location. In the direct surrounding, in fact, this is only possible through a three meters wide pedestrian bridge, which makes the other alternative routes not attractive for the visitors.
Consequently, the congestion inside the pedestrian bridge is very high and the traveling times become long. In addition to the comfort, the overcrowding on the bridge might imply safety issues. This provided motivations for the analysis here discussed, which will explore three main simulation scenarios.
Experiments
For the experiments performed, the population of agents has been instantiated according to two normal distributions, which split a total of 15,000 pedestrians among the two origin / destination points (blue dots in Fig. 2(b) ): the square in front of the train station and the event location. The distribution of agents from the train station has been centered one hour before the other one in the simulation time-line, to achieve an earlier incoming flow towards the event. Both the distributions are configured with a standard deviation of 30 minutes.
The dimensions of the simulated environment brings motivations for the usage of the multi-scale approach: as shown in Fig. 2(b) , the surrounding of the pedestrian bridge is represented with the detailed 2-dimensional discrete model as a rectangular area of 100.8 × 41.2 m 2 , since it is the area affected by complex pedestrian flows and interactions. The outer connecting streets, which will not be affected by congestion, have been modeled as 1-dimensional queues, to improve the computational efficiency as well as to simplify the task for the scenario configuration. The dimensions and proportions of the environment, in addition to the roads lengths-also in the Figure-have been extracted with Google Earth software. The pedestrian bridge is composed of a single 35 m long span preceded by two 10 m long runs of stairs at its extremes. The west staircase is perpendicular to the flat way and connected with an additional flat component of 3×3 m 2 , while the east run of stairs is parallel and directly linked to the walkway. To improve the understanding of the setting, a satellite picture of the part of the scene represented with the microscopic model is shown in Figure 3 .
In this simulation campaign, two versions of the environment have been designed by means of the microscopic model: a base-line that approximates the real setting and an alternative one that proposes an extension of the handrail along the pedestrian bridge, in order to physically separate the directions of flows. The two environments are used to configure five case studies:
-real world setting, all agents traveling the shortest path; -real world setting, at the Nash Equilibrium; -alternative scenario, with shortest path; -alternative scenario, at the Nash Equilibrium; -alternative scenario, at the System Optimum; The simulation of the first two scenarios showed that the performance of the real setting is quite low with the assumed population of agents. The 2-directional flow on the bridge, in fact, starts generating some congestion on the east side access way after around 1 h and 20 min of simulated time (near the peak of the incoming flow to the event). The congestion continues to grow with the increasing frequency of arrival of the counter-flow agents, reaching full congestion of the pedestrian bridge and its nearby after about 2 h and 10 min (see Fig. 4(a) ). The congestion heavily affects the traveling times and around 3 hours are needed to reach a complete discharge of the bridge, achieving the end of the simulation around time 5 h and 30 min.
With the progression of the iterations, the long traveling times induce the choice of the agents to the alternative route, gradually solving the congestion. At the Nash Equilibrium state for this environment, the jamming is almost solved and the average traveling time has been decreased to 504 seconds (see Table 1 ). Nonetheless, the maximum traveling time is still relatively high, due to the length of the alternative route not allowing a complete dispersion of the congestion. A comparison of the histograms of Fig 6(a) and 6(b) shows that the distribution of traveling times significantly differs: at the Nash equilibrium state two peaks are recognizable, identifying the initial portion of the population that succeeds in performing the plan without encountering congestion and another large part that experience a limited congestion that shifts the traveling times to around 600 seconds. The simulation of the second environment shows that the proposed modification that separates the flows is quite effective, despite its simplicity. In this way, the conflicts on the bridge are prevented and jamming arises only in front of the access ramps with minor effects. Thus the longer route has no advantage in terms of travel time and the Nash equilibrium becomes equal to the shortest path solution. The respective traveling times are approximately less than half as long as the ones achieved in the real environment (see the Table 1 ). The average and maximum traveling times for the Nash equilibrium simulation are higher than for the shortest path solution. This is not a particular finding, but this is due to the stochastic nature of the model. Overall the relative distribution of traveling times (Fig. 6(c) and 6(d) ) share the same trend and data range.
With this configuration of the environment and pedestrian flows, however, the Nash equilibrium state is different from the system optimum. The system optimum results in lower average and maximum travel times. The difference is more perceivable in the histogram of the travel times distribution in Fig. 6(e) . Firstly, the number of agents which reached the destination in the box corresponding to the smallest travel time is increased by about 500 individuals. Moreover, there is an additional local distribution peak at around 600 seconds, (probably) generated by the individuals that accepted to take the detour in order to make space for persons behind. This effect is also observable by comparing the screenshots in Fig 5(a) and 5(b): a small percentage of agents takes the detour (two are visible in Fig 5(b) ) and induce a small reduction of the congestion in front of the west access staircase.
Conclusion
A multi-scale pedestrian and crowd simulation approach has been proposed. The system consists of two simulation models: a microscopic CA based model is combined with a fast mesoscopic queue based simulation model. While the CA is applied to complex situations with high pedestrian interactions (e.g. high density counter-flows), the queue model is employed to the wider area, where pedestrian densities are rather low. By the combination of the two different models it is possible to simulate large and complex scenarios in reasonable time frames.
The performance of the multi-scale simulation approach has been demonstrated based on a real-world scenario. The baseline scenario reproduced the environmental settings as they exist in the real-world. The simulation results in situations of high densities and congestion are similar to what is observed in the real-world. Several improvements to the environment and crowd management strategies have been tested. It has been shown that separating flows in combination with a Nash equilibrium or system optimum routing strategy significantly reduces average and maximum travel time. The Nash equilibrium routing strategy mimics real-world travelers behavior, where travelers iteratively look for faster paths on their regular commutes. While the Nash equilibrium minimizes individual travel times, the system optimum minimizes the average or system travel time. One might argue that an exposition like the "Fuori Salone", even if held annually, is a rather singular event whose attendants change every year and thus do not learn faster ways from their previous experience. In addition, many people may prefer to wait in long queues at high densities and overtaking a long detour without any queue. Moreover, the concept of system optimum is not based on an intrinsic behavior and would have to be enforced externally.
The answer can be that one still learns a lot from the results of the Nash equilibrium and system optimum. E.g. if the results for an optimal crowd management show that that the longer path is currently faster and this could be communicated, then the acceptance would increase. In order to establish such a system one would have to dynamically measure the incoming flow and distribute the crowds dynamically to the different paths.
However, the main insight-and probably also the most obvious one-is that separating flows in a crowded situation significantly improves the overall performance of the system. Indeed, even in the SP SEP scenario, where everyone uses the shortest path, the average travel time is considerably decreased compared to any scenario with non-separated flows. The smaller average travel time is achieved by a higher average speed. Since there is a one-to-one mapping between speed and density, this also implies a lower average density. A lower average density definitely improves the comfort of the visitors and significantly contributes to safety and security. Finally, it must be stated that in the underlying scenario a rather long detour is required to avoid the crowded bridge. Thus, even for the SO SEP scenario only a few agents chose the long detour and thus all three scenarios with the separated flows (i.e. SP SEP, NE SEP, and SO SEP) lead to very similar results.
Density aware cost functions for the routing strategies would be an interesting future direction for this research, with a routing solution that avoids densities above a certain threshold as a result. However, as for the system optimum, those routing solutions would have to be enforced by an active crowd management.
